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Abstract: This study is based on meteorological observation data collected at 38 weather stations 
on the Tibetan Plateau over several decades. Daily reference crop evapotranspiration (ET0) was 
calculated with the FAO-56 standard Penman-Monteith formula. A test of normality was performed 
with Statistica 6.0 software, isotropic and anisotropic semi-variogram analysis was conducted with 
the GS+ (geostatistics for the environmental sciences) system for Windows 7.0, and the 
characteristics of spatial variation of daily ET0 were obtained. The following results can be obtained: 
Daily ET0 for different periods on the Tibetan Plateau are distributed normally; Except for daily ET0 
in the E-W (east-west) direction in the summer, which showed a slight negative correlation with 
distance change, the Moran’s indexes of daily ET0 for different periods in all directions on the 
Tibetan Plateau within a 100-km distance were positive, demonstrating a positive correlation with 
distance change; Variograms of daily ET0 in June, the dry season, the wet season, as well as annual 
average daily ET0 fit well with the Gaussian model; A variogram of daily ET0 in December fit well 
with the exponential model; Variograms of daily ET0 for the four seasons fit well with the linear 
with sill model. 
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1 Introduction 
Since the concept of evaporation was put forward, observation and research have focused 
on crop water consumption at fixed points. Various methods for calculating crop water 
consumption have been developed. They have followed numerous avenues but paid much 
attention to the time dependence of crop water consumption, while there is still insufficient 
research on spatial variation of crop water consumption (Liu et al. 2007a). Since the 1980s, the 
geo-statistical method has been utilized in the research of spatial variation of soil. Recently, 
spatial analysis techniques such as GIS (geographic information system) and RS (remote 
sensing) have been widely used in many research fields, such as soil degradation, water and 
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soil conservation and water and soil resources assessment (Zhang et al. 2005; Yang 2007; Chu 
et al. 2007). Notwithstanding the great progress made in the research of crop evapotranspiration 
and GIS and RS techniques, there are still many limitations in the combination and direct 
application of GIS and RS to the study of river basins or regions (Chu et al. 2007; 
ASCE-EWRI 2005; Allen et al. 2006; Su et al. 2008; Pu et al. 2008; Chen et al. 2008). 
Accordingly, reports of research on the spatial variation of ET0 are quite unusual (Tong 2004). 
Economic growth in coastal areas of China has boosted the development of almost every 
industry in Tibet. Meanwhile, water demand has increased significantly, which will lead to an 
imbalance between supply and demand of water resources on the Tibetan Plateau. What’s 
more, improper development and exploitation of water resources will lead to deterioration of 
the ecological environment. As a fundamental piece of information for regional plans and 
designs of farmland and irrigation engineering, data of crop water consumption are also an 
important basis for the development, utilization and management of water resources. This 
information also plays an important role in such tasks as regional planning of crop planting 
and crop production (Gu 2007). This paper presents research on spatial variation of ET0 on the 
Tibetan Plateau that will provide useful information about the spatial distribution patterns of 
ET0 and the variation of crop water consumption. 
2 Research method and data processing  
2.1 Research method 
In 2005, the Penman-Monteith formula was designated the best method for the 
calculation of ET0 by the ASCE-EWRI (2005). Basic principles of mathematical statistics 
(Gao 2004) are as follows: 
Fig. 1 Diagram of semi-variogram 
(1) Semi-variogram: On the premise that regionalized variables Z(x) should be under 
stationary conditions and meet the intrinsic hypothesis, the semi-variogram can be defined by 
both the variance S2 of Z(x) and the space covariance C(h): Ȗ(h) = S2 – C(h). The parameter Ȗ(h) 
reflects the spatial correlation of Z(x), which is defined as the mathematical expectation of the 
differences of values measured at points with a 
given spacing h. 
There are three basic parameters in this 
semi-variogram (Fig. 1): C0, the nugget, nugget 
variance or nugget effect; C0 + C, the sill, in 
which C is the partial sill; and a, the range, 
which is the separation distance when the 
curve reaches the location of the sill. The 
degree of spatial heterogeneity can be 
expressed as C0/(C0 + C). 
(2) Theoretical model of semi-variogram: Models in common use include the sill model, 
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spherical model, Gaussian model, and exponential model.  
(3) Fractal dimension: The fractal dimension D reflects the degree of spatial 
heterogeneity of autocorrelation. 
(4) Moran’s Index: The spatial autocorrelation of the Moran’s index can be expressed 
based on Moran’s definition (Lu and Mei 2007). 
2.2 Data processing 
Based on meteorological observation data collected before 2006 from 38 weather stations 
on the Tibetan Plateau, daily ET0 for every year can be calculated with the FAO-56 standard 
Penman-Monteith formula based on each weather station’s record. In this study, daily ET0 for 
the periods from March to May, from June to August, from September to November, and from 
December to February of the next year were considered daily ET0 for the four seasons of 
spring, summer, autumn, and winter, respectively; daily ET0 in June (maximum) and in 
December (minimum) were chosen as the extreme daily ET0 values; daily ET0 from October to 
March was considered daily ET0 in the dry season and daily ET0 from April to September was 
considered daily ET0 in the wet season; and the average daily ET0 for each year was 
considered annual average daily ET0. The nine kinds of typical daily ET0 were utilized in the 
analysis and research of spatial variation of ET0 on the Tibetan Plateau. A test of normality 
was performed with Statistica 6.0 software. Isotropic and anisotropic semi-variogram analysis 
was conducted with the GS+ system for Windows 7.0, and the structural properties of spatial 
variation of the nine kinds of daily ET0 were obtained.  
3 Result analysis 
3.1 Statistical analysis of basic characteristics  
The nine kinds of daily ET0 on the Tibetan Plateau show a normal distribution. Taking 
advantage of Statistica 6.0 software and the probability of Kolmogorov-Smiromov normality 
test (Pk-s), a nonparametric test was conducted on the statistical distribution of the typical daily 
ET0. With a significance level of = 0.05D , if Pk-s  0.05, the data can be deemed to be in 
normal distribution. The results showed that daily ET0 had a normal distribution, and was 
suitable for statistic analysis without needing to be processed (Table 1). The variation 
coefficients range from 8.33% to 31.78%. The minimum variation coefficient is that of daily 
ET0 in the winter, and the maximum variation coefficient is that of daily ET0 in the spring. 
Variation coefficients of daily ET0 in the summer and in the spring are quite large. The reason 
is that the influence of climate, soil and crops is quite significant during these periods. 
Furthermore, during the main irrigation period from April to September, when heavy rainfall 
alternates with drought, atmospheric circulation changes dramatically, which makes the 
variation coefficients of daily ET0 in the spring and in the summer highest, the maximum of 
which is 31.78% (Xie et al. 2007; Liu et al. 2007b). 
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Table 1 Characteristic statistics of daily ET0 on Tibetan Plateau 






Daily ET0 in spring 4.02 1.79 2.93 0.563 7 0.76 0.21 31.78 0.965 
Daily ET0 in summer 4.77 2.25 3.41 0.558 5 0.17 0.12 31.19 0.988 
Daily ET0 in autumn 2.77 1.54 2.07 0.346 2 1.10 0.18 11.98 0.513 
Daily ET0 in winter 1.94 0.92 1.34 0.288 6 0.97 0.35  8.33 0.696 
Daily ET0 in June 4.95 2.34 3.71 0.700 8 0.94 0.05 18.91 0.907 
Daily ET0 in December 1.61 0.75 1.10 0.232 7 0.73 0.37 21.21 0.657 
Daily ET0 in dry season 2.62 1.22 1.86 0.372 7 0.83 0.42 20.01 0.720 
Daily ET0 in wet season 4.03 2.06 3.10 0.513 6 0.85 0.05 16.47 0.874 
Annual average daily ET0 3.17 1.64 2.44 0.404 7 0.96 0.05 16.58 0.757 
3.2 Rule analysis of spatial variation of ET0 on Tibetan Plateau 
The rule of spatial variation of ET0 on the Tibetan Plateau can be analyzed in three ways (Gu 
2007), which are demonstrated in the following sections. 
3.2.1 Spatial autocorrelation analysis
 
Fig. 2 Moran’s index curve for annual  
average daily ET0 
Spatial autocorrelation analysis of the nine kinds of daily ET0 was based on Moran’s 
index. Taking advantage of the GS+ system for Windows 7.0, spatial correlations of daily ET0 
in five directions, i.e. ISO (isotropic), E-W, S-N (south-north), NE-SW (northeast-southwest), 
and NW-SE (northwest-southeast) were 
calculated. Moran’s indexes change with 
distance, as shown in Fig. 2 (the figure only 
presents annual average daily ET0, and other 
graphs were omitted to save space). 
The results of Moran’s index analysis of 
daily ET0 are as follows:  
(1) Except for daily ET0 in the E-W 
direction during the summer, which showed a 
slight negative correlation with distance 
change, the Moran’s indexes of daily ET0 within a 100-km distance in all directions were 
positive, demonstrating that they had a positive correlation with distance change.  
(2) When the distance reached 150-180 km, the Moran’s indexes of daily ET0 in the ISO 
direction fluctuated around 0, and, what’s more, the Moran’s indexes of daily ET0, except for 
that of the daily ET0 in the summer in the E-W direction, fluctuated around 0, which means 
that they were influenced by random factors.  
(3) The Moran’s indexes of daily ET0 in the S-N direction changed slightly. Over a 
400-km distance, almost all the Moran’s indexes had a positive correlation with distance 
change. This is mainly because of the longitudinal distribution of most ET0 isolines. What’s 
more, the channel effect of the rivers in this region, whose flow direction is mainly E-W, 
combined with the barrier action of mountains in the S-N direction, also contributed greatly to 
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the result described above.  
(4) Except for daily ET0 in the summer, the Moran’s indexes of daily ET0 beyond a 
100-km distance in the E-W and NE-SW directions showed a significant negative correlation 
with distance change. Except for daily ET0 in the autumn, daily ET0 in the wet season and 
annual average daily ET0, daily ET0 in the E-W direction showed significant positive 
correlation with distance change when the distance reached 380-480 km. This is mainly 
because the daily ET0 changed greatly in the E-W direction in a river basin, showing a 
negative correlation with distance. In the summer or after the rainy season, meanwhile, in the 
nearby basin beyond a distance of 380-480 km, the Moran’s index showed a positive 
correlation, which demonstrates that daily ET0 had another maximum value zone. 
3.2.2 Spatial variation analysis 
Fig. 3 Sample variogram and theoretical model for 
annual average daily ET0 
Spatial variation analysis of the nine kinds of daily ET0 on the Tibetan Plateau was 
conducted with the GS+ system for Windows 7.0. Based on the sample variogram, different 
kinds of models were used for fitting, and 
the optimal theoretical model was chosen 
through the cross-validation method. The 
results can be seen in Table 2 and Fig. 3 
(the figure only presents annual average 
daily ET0, and other graphs were omitted 
to save space). Four variograms of daily 
ET0 provided a better fit to the Gaussian 
model: daily ET0 in June, daily ET0 in the 
dry season, daily ET0 in the wet season, 
and annual average daily ET0. Regression 
coefficients (R2) ranged from 0.849 to 0.908 and the curve of the sample variogram showed 
significant trend changes. A variogram of daily ET0 in December provided a better fit to the 
exponential model: R2 was as high as 0.902 and the curve of the sample variogram showed 
significant trend changes. Variograms of daily ET0 for the four seasons provided a better fit to 
the linear with sill model. R2 ranged from 0.750 to 0.918. Only the curve of the sample 
variogram of daily ET0 in the summer didn’t show significant trend changes.  
Furthermore, the following can be seen: (1) The nugget effects of the semi-variogram 
functions of daily ET0 were very small. The C0 of daily ET0 for the four seasons, daily ET0 in 
June, daily ET0 in the wet season and annual average daily ET0 were quite small, in the range 
of 0.000 1-0.001 0. They contributed little to the analysis of spatial variation of daily ET0. The 
C0 of daily ET0 in December and daily ET0 in the dry season were somewhat greater, in the 
range of 0.006 7-0.012 2. They had some influence on the analysis of spatial variation of daily 
ET0, but the influence was not very significant because the extreme climate influence was 
large in the winter, which led to a greater nugget effect. (2) The scale range for spatial 
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variation of daily ET0 on the Tibetan Plateau was quite large. The smaller scale range of spatial 
variation of daily ET0 in the wet season was 159 km. As for daily ET0 in December, the largest 
scale range for spatial variation was 232 km. The scale range for spatial variation of other 
daily ET0 was from 164 km to 195 km. (3) The term C0/(C0+C) refers to the ratio of the spatial 
variation caused by random factors to the total variation of the system. If the ratio is high, it 
can be concluded that random factors played an important role in spatial variation; otherwise, 
it can be concluded that structural factors played an important role in spatial variation. For the 
nine kinds of daily ET0 on the Tibetan Plateau, the ratios of C0/(C0+C) of daily ET0were all far 
less than 25%. They were in the range of 0.04%-9.20%, demonstrating that structural factors 
of average values played an important role in spatial variation.  
Table 2 Characteristic values of spatial variation of daily ET0 on Tibetan Plateau 





2 Fitting model 
Daily ET0 in spring 0.001 0 0.370 0 0.27 177.00 0.013 0 0.891 Linear with sill model 
Daily ET0 in summer 0.000 1 0.262 2 0.04 164.00 0.016 4 0.750 Linear with sill model 
Daily ET0 in autumn 0.000 1 0.125 2 0.08 175.00 0.001 4 0.901 Linear with sill model 
Daily ET0 in winter 0.000 1 0.093 2 0.11 187.00 0.000 6 0.918 Linear with sill model 
Daily ET0 in June 0.001 0 0.482 0 0.21 167.00 0.033 5 0.849 Gaussian model 
Daily ET0 in December 0.006 7 0.072 8 9.20 232.00 0.000 3 0.902 Exponential model
Daily ET0 in dry season 0.012 2 0.162 4 7.51 195.00 0.002 0 0.908 Gaussian model 
Daily ET0 in wet season 0.000 1 0.250 2 0.04 159.00 0.007 9 0.856 Gaussian model 
Annual average daily ET0 0.000 1 0.180 2 0.06 167.00 0.003 5 0.876 Gaussian model 
Note: RSS means reduced sums of squares. 
Range a was utilized in the measurement of spatial autocorrelation, which was dependent 
on the observation scale, natural condition and vegetation type on the Tibetan Plateau, and on 
human factors. It can be seen in Table 2 that range a of daily ET0 in December is the greatest, 
reaching 232 km, and that of daily ET0 in the dry season is the second greatest, showing that 
autocorrelation existed over quite a large range. Because the Tibetan Plateau is located at a 
high elevation and low latitude, its dry and rainy seasons make little contribution, leading to 
the rather low variation of daily ET0 in the wet season. The spatial variation of the other six 
kinds of daily ET0 ranged from 164 km to 187 km. The autocorrelation distance of daily ET0 in 
the summer was quite low, resulting from such factors as climate and vegetation. 
Spatial structural characteristics of daily ET0 in different directions were analyzed, which 
was helpful to the interpretation of the contributions of climate, landforms and vegetation on 
spatial variation of daily ET0. The greater the difference between the range on the principal 
axis and on the second axis in certain directions, the greater the spatial variation of ET0 in this 
direction (Liao et al. 2008). It is shown in Table 3 that anisotropic characteristics of daily ET0 
can be characterized as follows: the anisotropy ratio of daily ET0 in the E-W direction falls in 
the range from 1.46 to 3.31 and spatial variation in this direction is quite great; the anisotropy 
ratio of daily ET0 in the NE-SW direction ranges from 1.61 to 4.63 and spatial variation in this 
direction is the greatest; and the anisotropy ratios in the S-N direction and the NW-SE 
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direction are both 1.00, which shows that spatial variation in these two directions is not 
significant. Because most watercourses on the Tibetan Plateau run in the S-N and NW-SE 
directions, most rivers flow in these two directions, resulting in little change of climate and 
vegetation along the direction of the rivers. Accordingly, relative variations of daily ET0 in the 
two directions were also very low. At the same time, mountains on the Tibetan Plateau rise and 
fall in the E-W and NE-SW directions, and climate and vegetation change dramatically with 
the change of altitude, leading to great variation of daily ET0 in these two directions.  
Table 3 Anisotropy ratio of semi-variogram of daily ET0 in different directions on Tibetan Plateau 
Anisotropy ratio 
Variable 
E-W NE-SW S-N NW-SE 
Daily ET0 in spring 1.46 3.56 1.00 1.00 
Daily ET0 in summer 3.31 1.61 1.00 1.00 
Daily ET0 in autumn 1.81 3.15 1.00 1.00 
Daily ET0 in winter 1.79 4.39 1.00 1.00 
Daily ET0 in June 2.04 2.15 1.00 1.00 
Daily ET0 in December 1.87 3.17 1.00 1.00 
Daily ET0 in dry season 1.50 4.63 1.00 1.00 
Daily ET0 in wet season 2.68 2.23 1.00 1.00 
Annual average daily ET0 1.85 3.41 1.00 1.00 
3.2.3 Spatial fractal dimension analysis  
Fractal dimension in space was calculated for the nine kinds of daily ET0 on the Tibetan 
Plateau. The results are shown in Table 4. Just like the ratio of C0/(C0+C), fractal dimension D 
also reflects spatial distribution characteristics of daily ET0.  
Table 4 Fractal dimensions of daily ET0 in different directions on Tibetan Plateau  
ISO E-W NE-SW S-N NW-SE 
Variable 
D R2 D R2 D R2 D R2 D R2
Daily ET0 in spring 1.697 0.709 1.741 0.287 1.428 0.656 1.779 0.927 1.889 0.032 
Daily ET0 in summer 1.736 0.632 1.112 0.687 1.878 0.145 1.837 0.529 1.944 0.008 
Daily ET0 in autumn 1.604 0.677 1.491 0.424 1.359 0.692 1.812 0.788 1.898 0.032 
Daily ET0 in winter 1.683 0.840 1.872 0.053 1.309 0.840 1.761 0.887 1.918 0.057 
Daily ET0 in June 1.603 0.634 1.453 0.565 1.542 0.571 1.733 0.831 1.951 0.007 
Daily ET0 in December 1.666 0.811 1.730 0.352 1.150 0.661 1.692 1.672 1.895 0.076 
Daily ET0 in dry season 1.698 0.778 1.866 0.070 1.325 0.781 1.765 0.941 1.876 0.064 
Daily ET0 in wet season 1.658 0.616 1.425 0.555 1.541 0.546 1.824 0.880 1.888 0.029 
Annual average daily ET0 1.668 0.671 1.633 0.403 1.428 0.670 1.811 0.908 1.813 0.075 
The results of the analysis show that: (1) Fractal dimensions of daily ET0 in the ISO 
direction were in the range of 1.603-1.736; the fractal dimension of daily ET0 in the summer 
was the largest (1.736) of all, which demonstrates that random factors played an important role 
in the cause of spatial variation and the spatial distribution was complex; the fractal dimension 
of daily ET0 in the dry season was the second largest (1.698); and the fractal dimension of 
daily ET0 in June was the smallest (1.603), which shows that self-correlation of spatial 
distribution was significant. (2) As for different directions of analysis: fractal dimensions for 
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daily ET0 in the NW-SE direction were the largest and the values were in the range of 
1.813-1.951, which shows that random factors played an important role in spatial variation and 
the spatial distribution was complex; fractal dimensions for daily ET0 in the S-N direction 
were the second largest; fractal dimensions for daily ET0 in the E-W direction were the second 
smallest; and fractal dimensions for daily ET0 in the NE-SW direction were the smallest 
(except the daily ET0 in the summer), and the fractal dimension values were in the range of 
1.150-1.542, which shows that random factors had little effect on spatial variation and 
self-correlation of spatial distribution was significant. (3) Based on this analysis, the reasons 
why fractal dimensions in this region changed significantly are the following: The flow 
direction of the rivers in central Tibet is NW-SE and the flow direction of the rivers in eastern 
Tibet, such as the Jinshajiang River, the Lancangjiang River and the Nujiang River, is S-N, 
which makes the channel effect of the valleys in the NW-SE and S-N directions evident, along 
with the barrier action of mountains in the NE-SW and E-W directions (Gu 2007). In winter, 
the Tibetan Plateau is controlled mainly by the westerlies system on the north side and there 
are frequent and heavy snows in the region. Snowfall fluctuation is greatest at the edge of the 
southern region. In the summer, the Tibetan Plateau is controlled mainly by the warm and wet 
currents from the Indian Ocean and the Bengal Bay, alternating between drought and flooding. 
The greatest fluctuation of rainfall appeared on the south bank of the Yarlung Tsangpo River. 
There are numerous mountains on the Tibetan Plateau, which cover more than 20 longitude 
degrees and more than 10 latitude degrees, and the elevation difference between the highest 
point and the lowest point in the region is as much as 8 000 m. What’s more, the region 
includes tropical, subtropical, temperate and frigid zones. Moist, semi-humid, semi-arid and 
arid climates all play their roles in different areas on the Tibetan Plateau. As a result, spatial 
variation of daily ET0 on the Tibetan Plateau is quite complex. 
4 Conclusions 
(1) Nine kinds of daily ET0 on the Tibetan Plateau are distributed normally.  
(2) Except for daily ET0 in the E-W direction in the summer, which showed a slight 
negative correlation with distance change, the Moran’s indexes of nine kinds of daily ET0 
within a 100-km distance in all directions on the Tibetan Plateau were positive, which 
demonstrates that they had a positive correlation with distance change. 
(3) Four variograms of daily ET0 provided a better fit to the Gaussian model: daily ET0 in 
June, daily ET0 in the dry season, daily ET0 in the wet season, and annual average daily ET0. 
The variogram of monthly ET0 in December provided a better fit to the exponential model. 
Variograms of daily ET0 for the four seasons provided a better fit to the linear with sill model. 
(4) Fractal dimensions D of daily ET0 in the ISO direction on the Tibetan Plateau were in 
the range of 1.603-1.736. The fractal dimension of daily ET0 in the summer was the largest 
(1.736), which shows that random factors had a great influence on the spatial variation, and 
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the fractal dimension of daily ET0 in June was the smallest (1.603), demonstrating a significant 
self-correlation of spatial distribution. 
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